The effects of a single oral dose of levodopa administered in a randomized, double-blind, placebo-controlled cross-over design on formation of a motor memory were studied by a training protocol in patients with chronic stroke. Levodopa enhanced the ability of motor training to encode an elementary motor memory relative to placebo. Up-regulation of dopaminergic function may enhance motor memory formation, crucial for successful rehabilitative treatments in patients with chronic stroke.
Methods.
Subjects. Nine patients aged 55 to 85 years (mean Ϯ SD, 66.1 Ϯ 9.5 years; three of them women, all but one righthanded) with cerebral infarcts participated in the study. All participants had a single ischemic cerebral infarct (all subcortical) (table). All gave written informed consent to each experiment according to the Declaration of Helsinki (http://www.wma.net/e/ policy/17-c_e.html), and the National Institute of Neurologic Disorders and Stroke Institutional Review Board approved the study protocol. Patients were tested at least 1 year after the stroke (3.7 Ϯ 0.7 years after the stroke; range 1 to 8 years).
All patients initially had a severe motor paresis (below Medical Research Council Scale 6 grade 2) and recovered substantially (range on Medical Research Council Scale from 4.2 to 4.9) to be able to perform both motor tasks (see table) . Degree of spasticity was assessed with the Modified Ashworth Scale for grading spasticity 7 and ranged from 0 to 3 (see table) ; muscle strength was assessed with the upper extremity section of the Fugl-Meyer Scale. 8 None of the patients had overt somatosensory deficits, as assessed in the standard neurologic examination. All patients had visual perception within normal limits and a normal Mini-Mental State Examination (range 26 to 30 points). Additionally, all participating patients fulfilled the following inclusion criteria: 1) ability of transcranial magnetic stimulation (TMS) to elicit isolated thumb movements in the absence of movements of any other digits, wrist, or arm; 2) consistent (reproducible) direction of TMSevoked thumb movements in the baseline condition; 3) absence of dopaminergic medications or drugs interfering with the absorption of levodopa from the gastric tract 9 ; 4) age Ͼ52 years. As the ability to encode a motor memory with training alone differs depending on age, 10 (see reference E-1 on the Neurology Web site at www.neurology.org) only patients older than 52 10 were included in the current study to increase homogeneity.
Experimental protocol. All patients participated in two sessions, separated by at least 24 hours, testing the effects of levodopa (100 mg of levodopa and 25 mg of carbidopa, PO) ϩ training and placebo (identical capsule, PO) ϩ training on encoding of a motor memory. The order of the sessions was randomized between patients and counterbalanced. In each session, subjects fasted for at least 2 hours preceding levodopa/placebo intake and avoided other medications to prevent interference with drug absorption (reference E-2). Testing started 60 minutes after oral intake of levodopa/placebo, at a time that shows peak plasma concentrations of the drug (see reference E-2). Measurement of systolic and diastolic blood pressure and heart rate and subjects' rating of attention to the task and fatigue levels were taken four times during each session. Motor training kinematics were monitored along the experiment (see the "Experimental setup" material on the Neurology Web site at www.neurology.org).
Encoding of a motor memory. Motor training, consisting of voluntary thumb movements performed at 1 Hz, in a consistent direction leads to formation of an elementary motor memory that encodes the kinematic details of the practiced motions in young healthy individuals (see reference E-3). In brief, this protocol evaluates the ability of such training to modulate the direction of TMS-evoked thumb movements elicited by stimulation of the primary motor cortex (see the "Encoding of a motor memory material" on the Neurology Web site). To quantify training effects, we defined a training target zone (TTZ) as a window of Ϯ20˚centered on the training direction (figure 1, TTZ 40˚) and the increase in the percentage of TMS-evoked movements that fell within the TTZ after each intervention (30 minutes of training plus levodopa and 30 minutes of training plus placebo) as the endpoint measure (see reference E-3). By design, training was in the direction opposite to the baseline TMS-evoked thumb movement direction. Therefore, the percentage of TMS-evoked movements within the TTZ before training was very small (Ͻ5%).
Statistical analysis. Data analysis was performed by an investigator blind to the intervention type. Normal distribution (Kolmogorow-Smirnov test of normality) was assessed for all data. Repeated measures analysis of variance (ANOVA RM ) was used to test the influence of the repeated factors time base, 10 min, 20 min, post and drug levodopa, placebo on the percentage of TMS-evoked movements in the TTZ (primary outcome measure), systolic blood pressure, diastolic blood pressure, heart rate, attention to the task, and fatigue over the course of the training. Results. Attention to the task, fatigue (see table E-1) and motor training kinematics (see table E-2) reflecting training quality were comparable across sessions. Blood pressure and heart rate experienced a similar mild decrease over time in both sessions. Movement thresholds, motor thresholds, and MEP amplitudes were also similar in both sessions at baseline and after training, indicating comparable corticomotor excitability (see tables E-1 through E-3).
ANOVA RM showed an interaction of time by drug on the percentage of TMS-evoked movements falling in the TTZ (F [1, 16] Discussion. Our results show that the primary motor cortex within the affected hemisphere of patients with chronic predominantly subcortical stroke retains the ability to encode a motor memory with training and that a single oral dose of levodopa significantly enhanced this effect relative to placebo. These results could not be explained by differences in training quality, attention, fatigue, blood pressure or heart rate levels or motor cortical excitability at baseline across intervention days. Previous reports have documented enhancement in training effects with D-amphetamines in animal models, 2 healthy volunteers (see reference E-4), and in the subacute and chronic period in patients with stroke. 3, 4 One potential problem limiting the use of amphetamines in elder individuals with brain lesions has been the range of potentially undesirable effects. 1, 4 For this reason, the finding that dopaminergic agents could enhance training effects in the subacute period following stroke triggered enthusiasm. In healthy humans intake of levodopa increases motor memory formation (see reference E-1), whereas dopamine-receptor antagonists impair motor learning (see reference E-5). Mechanisms underlying these effects in humans are not clear but may relate to the documented facilitatory effects of dopaminergic neurotransmission (see reference E-6) on N-methyl-D-aspartate-dependent and -independent long-term potentiation induction, involved in memory formation.
Our findings demonstrate that beneficial effects of levodopa on training-dependent plasticity can be elicited not only in the subacute period after stroke 5 but also in the chronic stage, when less therapeutic options are available. The magnitude of this effect across the spectrum of poststroke motor disability remains to be determined.
